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Disruption of Brcal results in cellular demise or tumorigenesis depending on cellular context. Inactivation of
p53 contributes to Brcal-associated tumor susceptibility. However the activation of p53-dependent
checkpoint/apoptotic signaling in the absence of Brcal is poorly understood. Here, we show that Chk2
inactivation is partially equivalent to p53 inactivation, in that Chk2 deficiency facilitates the development,
survival, and proliferation of Brcal-deficient T cells at the expense of genomic integrity. Brcal deficiency was
found to result in Chk2 phosphorylation and the Chk2-dependent accumulation and activation of p53.
Furthermore, inactivation of Chk2 and Brcal was cooperative in breast cancer. Our findings identify a critical
role for Chk2 as a component of the DNA damage-signaling pathway activated in response to Brcal

deficiency.
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BRCA1 germline mutations predispose women to early
onset, familial breast and ovarian cancer (Scully and Liv-
ingston 2000; Welcsh et al. 2000; Venkitaraman 2002).
Despite its role in maintenance of genome integrity
(Kinzler and Vogelstein 1997), transcriptional regulation
(Scully et al. 1997a; Somasundaram et al. 1997), and
chromatin remodeling (Yarden and Brody 1999; Bochar
et al. 2000; Pao et al. 2000; Wang et al. 2000; Welcsh et
al. 2000), the exact mechanism of tumor suppression by
BRCA1 remains to be defined. BRCA1 associates with
proteins that function in DNA replication and repair
(Scully et al. 1997b; Wang et al. 2000), transcriptional
activation (Chapman and Verma 1996; Monteiro et al.
1996; Scully et al. 1997a; Li et al. 2000), and the DNA
damage response (Scully et al. 1997b; Zhong et al. 1999;
Li et al. 2000; Wang et al. 2000; Welcsh et al. 2000). Cells
with mutant Brcal display defects in survival and pro-
liferation (Gowen et al. 1996; Hakem et al. 1996; Ludwig
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et al. 1997; Shen et al. 1998), radiosensitivity (Shen et al.
1998; Welcsh et al. 2000), chromosomal abnormalities
(Xu et al. 1999; Mak et al. 2000; Welcsh et al. 2000), p53
activation (Hakem et al. 1996), G2/M checkpoint loss
(Larson et al. 1997; Xu et al. 1999), and impaired homolo-
gous recombination repair (Moynahan et al. 1999). Ac-
cordingly, the pleiotropic effects of BRCA1 mutation
could be attributed to its involvement in DNA repair and
transcriptional regulation.

Brcal-targeted disruption in mice results in embry-
onic lethality (Gowen et al. 1996; Hakem et al. 1996; Liu
et al. 1996; Ludwig et al. 1997). To circumvent this limi-
tation, conditional targeting strategies have been em-
ployed that facilitate the study of the consequences of
Brcal disruption in vivo and ex vivo (Xu et al. 1999; Mak
et al. 2000). Mice that are tBrcal™/~ (Mak et al. 2000)
carry a targeted null mutation of Brcal restricted to the
T-cell lineage, thus bypassing the associated lethality of
Brcal germline disruption. Brcal disruption in the T-cell
compartment results in a drastic depletion of thymo-
cytes and peripheral T cells, the accumulation of chro-
mosomal abnormalities, and activation of p53. Thymo-
cyte development of tBrcal™~ mice is restored in the
absence of p53 or the presence of overexpressed anti-
apoptotic protein Bel2 that antagonizes the p53 pathway.
These findings suggest that genomic instability and p53
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activation due to the ablation of Brcal contribute to the
observed defects in T-cell development, survival, and
proliferation.

Although several studies have linked the compro-
mised viability and genomic instability of Brcal-defi-
cient cells to the activation of p53 by genome surveil-
lance (Hakem et al. 1997; Shen et al. 1998; Mak et al.
2000; Xu et al. 2001; Cao et al. 2003), the molecular
components that comprise this response are unclear. Re-
cent studies of p53 have elucidated upstream signaling
cascades that modulate its half-life, intracellular local-
ization, and functional activity (Giaccia and Kastan
1998; Caspari 2000; Vousden and Lu 2002). DNA damage
alters the phosphorylation status of p53 and other DNA
damage response proteins by triggering molecular signal-
ing cascades that include ATM, ATR, DNA-PK, Chkl,
and Chk2 kinases (for review, see Rich et al. 2000; Zhou
and Elledge 2000; Nyberg et al. 2002; Shiloh 2003). A

Brcal and Chk2 collaborate in tumor suppression

component of these genome surveillance pathways,
Chk2 (also known as Cdsl, for review, see Bartek et al.
2001; McGowan 2002) has been identified as a tumor
suppressor, as mutations in Chk2 have been implicated
in familial cancer syndromes including Li-Fraumeni
(Bell et al. 1999) and low penetrance breast cancer sus-
ceptibility (Meijers-Heijboer et al. 2002; Vahteristo et al.
2002). Several studies have elucidated an ATM-Chk2-
p53 DNA damage signaling cascade that is activated fol-
lowing DNA damage (Hirao et al. 2000; Bartek et al.
2001). As Chk2 functions in a DNA damage response
pathway that result in p53 activation, we sought to de-
termine the contribution of this kinase to phenotypes
associated with Brcal deficiency. We demonstrate that
deficiency in Chk2 partially mimics the loss of p53 and
rescues the defective development, growth, and cellular
demise of Brcal-deficient T cells at the expense of ge-
nomic instability and increased tumorigenicity. We have
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Figure 1. Chk2 deficiency restores the cellularity and development of the T-cell lineage in tBrcal™/~ mice. Thymocyte development
was assessed by fluorescence-activated cell sorting (FACS) on thymocytes from wild-type, tBrcal™'~, Chk2~/~, and tBrcal~’-Chk2~/~
mice. Thymocytes were stained with antibodies against CD4, CD8, and TCRaf. TCRaf expression was evaluated on gated CD4*CD8*
populations. Single-cell suspensions from spleen and lymph nodes were stained with antibodies against the T-cell lineage-specific
marker Thy 1 and the B-cell lineage marker B220. Depicted FACScans with quadrant percentages are representive of least three

independent experiments.
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Table 1. Aneuploidy and chromosomal abnormalities in tBrcal™~ peripheral T-cells

Total end-
Metaphases  Chromosomes  Anecuploid to-end Tri-radial-like ~ Chromosome Chromatid
Genotype analyzed  per metaphase®  cells (%)  fusions™® structures® breaksP breaks® Fragments™d
p53"- 47 39.2 +2.7 17.0 0.06/cell 0 0.02/cell 0.06/cell 0.15/cell
(26-40) 6.38% of 2.13% of 4.26% of 12.77% of
cells cells cells cells
tBrcal™'~ 46 38.1 +6.7 60.9 0.87/cell 0.57/cell 0.33/cell 0.44/cell 0.70/cell
P53/ (24-56) 67.4% of  41.3% of 21.7% of 34.8% of  45.7% of
cells cells cells cells cells
Chko"- 136 3993 £ 0.4 4.0 0 0 0.02/cell 0.01/cell 0
(36-40) 2.03% of 1.35% of
cells cells
tBrcal ™~ 148 39.47 = 1.4 25.7 0.14/cell 0.17/cell 0.07/cell 0.09/cell 0.21/cell
Chko~/~ (32-40) 11.03% of 13.97% of 6.62% of 8.09% of 13.97% of
cells cells cells cells cells

Results shown are pooled from analyses of metaphase spreads from activated T-cell populations of at least three different mice per

genotype.

2Chromosomes per metaphase presented as mean + S.D. and range of chromosome numbers presented in parentheses.
PThe incidence per cell is indicated in the upper row, the percentage of cells with abnormalities is indicated in the lower row.
“Includes Robertsonian fusionlike configurations, telomere associations, dicentric chromosomes, and ringlike structures.

dIncludes centric and acentric fragments.

also identified an important role for Chk2 in suppressing
Brcal-associated breast cancer.

Results

To assess genetic interplay between Brcal and Chk2 in
vivo, mice with a conditional disruption of Brcal (Mak
et al. 2000) in the T-cell lineage (LckCre Brcal™”
“tBrcal™~") or mammary epithelium (WapCre Brcal’’!
“mBrcal~/~") and Chk2~/~ mice (Hirao et al. 2002) were
intercrossed to obtain mice deficient in both Brcal and
Chk2 in the T-cell lineage (tBrcal™’~Chk2/~) and mam-
mary epithelium (mBrcal™/~Chk2/~). Thymocyte devel-
opment in tBrcal™~ mice (Mak et al. 2000) is compro-
mised and the total number of T cells is markedly re-
duced (Fig. 1; Supplementary Table 1). Chk2 deficiency
does not markedly impact total thymus cellularity
(Hirao et al. 2000, 2002), although a slight increase in the
absolute numbers of CD4 CD8  population was de-
tected (Fig. 1; Supplementary Table 1). The defective cel-
lularity of the CD4*CD8*, CD4", and CD8" subsets in
Brcal-deficient thymocytes was found to be Chk2-de-
pendent, as tBrcal/~Chk2~/~ mice show complete res-
toration of all thymocyte and peripheral T-cell popula-
tions (Fig. 1; Supplementary Table 1).

tBrcal™~ thymocytes exhibit increased apoptotic re-
sponse to y-irradiation ex vivo (Mak et al. 2000). This
radiosensitivity is p53 dependent, as it is rescued in a p53
null background. Chk2~/~ thymocytes exhibit radioresis-
tance compared with wild-type thymocytes (Hirao et al.
2000, 2002; Takai et al. 2002). The radiosensitivity of
tBrcal™~ thymocytes was also found to be dependent on
Chk2, as tBrcal’~Chk2~/~ thymocytes and Chk2~/~ thy-
mocytes show equivalent resistance when assessed 8 h
or 24 h after vy-irradiation (Fig. 2A,B). The proliferation
impediment exhibited by tBrcal™/~ peripheral T cells
following activation with anti-CD3e +IL-2 or anti-
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CD3e + anti-CD28 was attenuated in the absence of
Chk2 (Fig. 2C,D). The G1 + G2/M-phase arrest in anti-
CD3 + IL-2 activated tBrcal '~ cells was reversed in the
absence of Chk2, suggesting that the reversal of the pro-
liferation impediment was at least partially the result of
attenuation of the cell cycle arrest (Fig. 2E).

Chk2 is phosphorylated and activated in response to
DNA damage, resulting in the stabilization and activa-
tion of p53 (Chehab et al. 2000; Shieh et al. 2000; Hirao
et al. 2002; Takai et al. 2002). Increased steady-state lev-
els of p53 and its downstream transcriptional targets p21
and bax were observed in Brcal-deficient thymocytes
(Fig. 2F). The absence of Chk2 was found to attenuate the
steady-state levels of p53, p21, and bax in thymocytes
deficient in Brcal, indicating the involvement of Chk2
in mediating the effect of Brcal deficiency on p53. In-
creased phosphorylation levels of Chk2 were observed in
Brecal deficient thymocytes, indicative of a role for Chk2
activity in the increased steady-state level of p53 in
Brcal-deficient thymocytes (Fig. 2G). Irradiation-depen-
dent phosphorylation of Chk2 was not affected by Brcal
mutation in thymocytes (Fig. 2G). These findings indi-
cate that Chk2 inactivation facilitates the survival and
proliferation of Brcal-deficient T cells by attenuating
p53-dependent apoptosis and cell cycle arrest.

Brcal deficient thymocytes exhibit increased levels of
spontaneous genomic instability (Mak et al. 2000). As
genomic instability normally leads to stabilization and
activation of p53, the attenuation of p53 activation in
tBrcal™’~Chk2/~ T cells could be the result of a reversal
in the genomic instability phenotype inherent in Brcal-
deficient cells. However, the frequency of chromosomal
breaks, fusions, tri-radials, and aneuploidy was markedly
increased in tBrcal~/~Chk2~/~ peripheral T cells com-
pared with Chk2/~ cells (Fig. 3; Table 1), indicative of
the impaired DNA damage response in the absence of
Chk2. Interestingly, the spectrum of chromosomal ab-
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Figure 2. Chk2 deficiency rescues cellular outcomes associated with Breal deficiency. (A,B) Impact of Chk2 inactivation on radio-
sensitivity associated with Brcal deficiency. Cell viability of thymocytes ex vivo was measured by Annexin V-FITC and PI costaining
and flow cytometry at 8 h (A) and 24 h (B) following the indicated doses of wy-irradiation. (C,D) Cell viability and proliferation of
untreated (white bars), anti-CD3e + IL-2-activated (black bars), and anti-CD3e + anti-CD28-activated (gray bars) purified peripheral T
cells. Cells were pulsed after 48 h (C) or 72 h (D) with 1 pCi of [*H|thymidine per well for 18 h. The data presented are from triplicate
cultures (+S.D.) and depict results representative of three independent experiments. Percentages of viable cells are indicated as
numerical values for each treatment. (E) Cell-cycle profiles of anti-CD3 activated T cells. The percentages of cells in the G1, S, and
G2/M phases are indicated. Results shown are representative of three independent experiments. (F,G) Western analysis of Chk2, p53,
p21, bax, and actin of whole-cell extracts from thymocytes of the indicated genotypes. To facilitate the comparison of developmentally
equivalent Brcal-deficient and control thymocytes, extracts were prepared from tBrcal~/~ Ep-bcl-2-36 (tBrcal™'~bcl-2) and En-bcl-2-36
(bcl-2) thymocytes (Mak et al. 2000).
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Figure 3. Chk2 or p53 inactivation facilitates the devel-
opment, survival, and proliferation of Brcal-deficient T
cells at the expense of genomic integrity. Chromosomal
aberrations in representative metaphase spreads from
p537/7, tBrcal”'"p537/-, Chk2”/~, and tBrcal/~Chk2/~
peripheral T cells. (b) Chromosome break; (d) dicentric
fusion; (r) ring chromosome; (t) tri-radial-like structure.

normalities was consistent with those obtained from
tBrcal"p53~/~-activated T cells; however, the fre-
quency of all observed chromosomal abnormalities was
lower (Table 1). Thus, loss of Chk2 reverses apoptosis
and cell-cycle defects but not the genomic instability
associated with Brcal mutation in T cells.

Previous studies have demonstrated that loss of p53
cooperates with Brcal deficiency in tumorigenesis
(Cressman et al. 1999; Xu et al. 1999, 2001; Ludwig
et al. 2001). In the thymus, Brcal and p53 mutations
were found to potentiate the formation of thymic lym-
phomas. Complete penetrance (100%) and decreased la-
tency of tumor development was observed in tBrcal™~
p53~/~ mice (p < 0.0001), and the majority of these were
moribund or died by 3 mo of age (Fig. 4A,E) compared
with tBrcal*~p53~/~ and p53~/~ mice, which develop
lymphomas or other tumors after ~6 mo of age, as an-
ticipated from previous studies (Donehower et al. 1992).
The rescue of thymocyte development and abrogation of
p53 checkpoint-dependent responses in tBrcal™/p53~/~
and tBrcal”/~Chk2/~ would predict a similar cooperat-
ivity in tumorigenesis in the concomitant absence of
Brcal and Chk2. Although only 12% of tBrcal™~ mice
(4/33; Fig. 4B-D) and no Chk2~/~ (0/20) succumbed to
tumors after 400 d of observation, 32% of tBrcal /-
Chk2~/~ mice (7/22) succumbed to thymic lymphomas at
an earlier onset (by 180 d, p = 0.0155; Fig. 4B,F). tBrcal™/~
Chk27/~ lymphomas (and tBrcal”’p53~/~ lymphomas)
were observed to be restricted to the thymus and were
not observed to invade other organs such as the spleen
and liver. The small proportion of tumor-burdened
tBrcal™~ mice did not develop thymic lymphomas, but
instead exhibited lymphomas in peripheral lymphoid
compartments that invaded the liver, lungs, and kidney.
The incomplete penetrance in the tumor-prone pheno-
type suggests that some of the p53 tumor suppressor
functions are retained in the absence of Chk2.

To determine whether Chk2 and Brcal cooperativity
is relevant to breast cancer, we monitored cohorts of
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po53”*

Chk2”

tBrca1”p53”

tBrca1’pb3"

mBrcal™’~, Chk2~/~, and mBrcal™'~Chk2~/~ breeding fe-
males. mBrcal™'~ females exhibited only a mild predis-
position to breast cancer development (12%, n=17,
mean age was 582 d), whereas no mammary tumors were
observed in mBrcal*’~Chk2~/~ and Chk2~/~ females. In
contrast, the frequency and onset of breast tumorigen-
esis was increased in mBrcal”~Chk2/~ females com-
pared with mBrcal™~ females (p < 0.0001; Fig. 5M), as
50% of mBrcal”/~Chk2/~ breeding females developed
breast carcinoma (n = 8, mean age was 424 d; Fig. 5A-D,M).

Similar to mBrcal”/~Chk2/~ females, mBrcal™/~
p53*/~ females exhibited a marked predisposition to
breast cancer neoplasia compared with mBrcal~~ mice
(p < 0.0001; Fig. 5E-H,N). Eighty percent of mBrcal/~
p53*/~ breeding females were observed to develop breast-
breast carcinomas (n =5, mean age was 385 d). The
susceptibility of female mBrcal™~p53~/~ mice to mam-
mary neoplasia could not be assessed, as these mutants
often succumb to other tumors prior to the completion
of their first pregnancy. The survival of mBrcal~/"p53~/~
mice was significantly decreased as 38 % of males (11/29)
and 67% of mated females (10/15) succumbed to tumors
by 6 mo of age (Fig. 5N). Interestingly, in contrast to
p537/~ mice that predominantly develop lymphomas,
about half of the tumors from mBrcal” p53~/~ mice
were carcinomas (5/11 tumors analyzed were carcino-
mas of the skin, salivary gland, or colon, whereas 6/11
tumors analyzed were lymphomas of T or B cell origin;
Fig. 5I-L).

Mammary tumors from either mBrcal/~Chk2/~ or
mBrcal~/"p53*/~ females exhibited histological features
characteristic of acinar adenocarcinomas (2/4 from
mBrcal~/~Chk2~/~ mice and 4/4 from mBrcal/~p53*/-
mice) of varying differentiation status, with tumor cells
typically organized in small glandular structures con-
taining a central lumen and occasional luminal secre-
tions (Fig. 5A,B,D-H). Two of the four mammary carci-
nomas obtained from mBrcal™/~Chk2/~ mice also dis-
played regions of squamous differentiation, containing



A
100 e
g 80| gy —e— tBrcal“p53*
© 2T -8 (Brcal"p53*
g | } i '. - p53*
= 60 [ ] - -
wn .- 4 L
© L
® 40 E A=
L -
L . "
g 20 ‘1‘ i ':
= - x
[ = . -
0 : e i y—
0 100 200 300 400
Time (days)
B
1008 —— = *
§ t_-—‘ “la- 3
= 80- . g
o :
2 .
g 60 !
7] .
o .
,E 40 e iBrarcke*
< —&— Chi2"
€ 20 4 Brart
2 *  iBreat™ Chk2"
0!

0 100 200 300 400

Time (days)

keratin pearls (Fig. 5C). Local infiltration into the adja-
cent soft tissue without metastatic invasion into the
lungs or the lymphatic system was observed.

Discussion

Brcal-deficient cells exhibit genomic instability that re-
sults in p53 transactivation and compromised cell viabil-
ity; however, the molecular components that comprise
this response are yet to be elucidated (Hakem et al. 1997;
Shen et al. 1998; Mak et al. 2000; Xu et al. 2001; Cao et
al. 2003). The targeted disruption of Brcal is often in-
compatible with cell viability, a finding that would ap-
pear incompatible with a role in tumor suppression (Ven-
kitaraman 2002). However, the spontaneous chromo-
somal instability in Brcal-deficient cells might facilitate
neoplastic transformation in cells with compromised re-
sponses to DNA damaging signaling through p53. Tu-
morigenesis in the absence of BRCAL is facilitated by
p53 deficiency; however, not all tumors from BRCA1
mutation carriers contain mutant p53, indicative of the
existence of alternative pathways that facilitate transfor-
mation (Crook et al. 1997; Greenblatt et al. 2001).

Our findings indicate the loss of p53-dependent re-
sponses mediated by Chk2 may be critical for survival,
development, and tumor progression triggered by loss of

Brcal and Chk2 collaborate in tumor suppression

Figure 4. p53 or Chk2 deficiency synergizes
with Brcal deficiency in the onset and fre-
quency of thymic lymphomas. (A) Kaplan-
Meier analysis of p53~/~ cohort survival accord-
ing to Brcal deficiency in the T-cell compart-
ment. (triangles) p53~/7; (squares) tBrcal*/~
p537'7; |(circles) tBrcal”~p537/-. Data shown
represent life spans of 21 p53~/-, 21 tBrcal*’p
537/7, and 20 tBrcal™’~ p53~/~ mice. (B) Kaplan-
Meier analysis of tBrcal”/-, Chk2”/-, and
tBrcal”/~Chk2/~ cohort survival. (triangles)
tBrcal™~; (squares) Chk2~/-; (circles) tBrcal™
_Chk27/~. Data shown represent life spans of 33
tBrcal™~ mice (4 moribund with lymphoma, 1
with infection), 20 Chk2~/~ mice (4 moribund
with infection), 22 tBrcal™~ Chk2/- mice (7
moribund or dead from thymic lymphoma, 3
moribund with infection) and 8 tBrcal*/~
Chk2~ mice monitored for 400 d. (C) Histo-
logical cross-section of invasive gastric lym-
phoma in tBrcal™/~ mouse (H&E stain, original
magnification x100). The architecture of the
submucosa (sm) and muscle layers (mus) is al-
tered by heavy infiltration of dark-staining neo-
plastic mononuclear cells. The gastric mucosa
(m) is preserved. (D) Hepatic infiltration (arrow)
of tBrcal™~ splenic lymphoma. (E,F) Represen-
tative histological cross-sections of tBrcal™/~
p537/~ (E) and tBrcal~/-Chk2~/~ (F) thymic lym-
phomas (H&E stain) with various mitotic fig-
ures demarcated by arrows.

Brcal function. Loss of Chk2 does not rescue the pheno-
type of the Brcal-deficient T cells to the same extent as
loss of p53. This indicates that Chk2 mediates only a
subset of p53 function. Chk2 is a component of the net-
work of genome-surveillance pathways that coordinate
cell-cycle progression with DNA repair and cell survival
or death (Bartek et al. 2001; McGowan 2002). Chk2~/~
cells are radioresistant and show defects in y-irradiation-
induced apoptosis (Hirao et al. 2000, 2002; Takai et al.
2002). The mechanism whereby Chk2 facilitates radia-
tion-induced apoptosis is poorly understood, but is
thought to involve phosphorylation and stabilization of
p53 (Chehab et al. 2000; Hirao et al. 2000, 2002; Shieh et
al. 2000; Takai et al. 2002) or in some cases, phosphory-
lation of PML (Yang et al. 2002). In addition, Chk2-de-
pendent signaling impacts various p53-dependent or p53-
independent checkpoints in response to +y-irradiation
(Hirao et al. 2000, 2002; Bartek et al. 2001; Falck et al.
2001; Brown et al. 2002; Jack et al. 2002; McGowan 2002;
Takai et al. 2002; Yang et al. 2002). Both Chk2 and p53
mutations have been implicated in the development of
Li-Fraumeni syndrome (Malkin et al. 1990; Srivastava et
al. 1990; Bell et al. 1999). Unlike p53-deficient mice,
Chk2-deficient mice are not susceptible to the sponta-
neous development of tumors (Hirao et al. 2000, 2002).
However, the loss of Chk2 may compromise a “gate-
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Figure 5. Tumor formation in mBrcal™/~
mice. (A-D) Representative histology of
mammary carcinomas from mBrcal”~
Chk27/~ breeding females. (A,B) Well-differ-
entiated acinar adenocarcinoma (Ad) with
local perineural invasion (arrows in A, H&E
stain and B, adjacent section with keratin
stain). (C) Adenosquamous mammary carci-
noma showing acinar regions (Ad) inter-
spersed with squamous regions (Sq) contain-
ing keratin pearls. (D) Acinar adenocarci-
noma displaying high mitotic rate (mitoses
highlighted with arrows). (E~-H) Representa-
tive histology of mammary carcinomas
from mBrcal~p53*/~ breeding females. (E)
Well-differentiated adenocarcinoma with
acinar structure (H&E stain). (F) Keratin
staining of adjacent section shown in E re-
veals patches of positively stained cells. (G)
Acinar adenocarcinoma with local invasion
(arrows) into adjacent soft tissue (H&E
stain). (H) Acinar adenocarcinoma (H&E
stain) with occasional anaplastic cells (ar-
rows). (I-L) Representative histology of tu-
mors from mBrcal~'~p53~/~ mice. (I) Adeno-
carcinoma (Ad) of salivary gland from male
mouse adjacent to normal (N) gland tissue.
(J) Subcutaneous carcinoma in male mouse.
This same mouse was also afflicted with a
B-cell lymphoma infiltrating the lungs
(K: H&E stain and L: B220 stain). (M)

Kaplan-Meier analysis of tumor-free sur-
vival of mBrcal”/-Chk2”/-, mBrcal™~ and

L
]
rs

female mBrca 1+ Chk2*
female mBrca 1**Chk2* or Chk2*
female mBrca 1+

N + p53*

4 female mBrcat*p53+*

—e— female mBrca1+p53" —e— female mBrca1+

mBrcal*~Chk2~/~ or Chk2~/~ females. Fifty
percent of breeding mBrcal”/~Chk2”/~ fe- 100
males developed breast carcinoma. In addi-
tion, two mBrcal/~Chk2/~ females died at
393 d and 500 d of unknown causes due to
autolysis and one mBrcal~/-Chk2~/- female
was moribund of unknown pathology and
sacrificed at 498 d. (N) Kaplan-Meier analy-
sis of tumor-free survival of mBrcal™~ 1
p53*~ breeding females, mBrcal/p53~/- 0!
mice (male and female) and p53~/~ mice
(male and female).

Tumor-Free Survival (%)

keeper” activity that, when defective, facilitates tumori-
genesis through the survival and proliferation of cells
with compromised genomic integrity (Kinzler and Vo-
gelstein 1997).

In contrast to a previous study (Foray et al. 2003), our
findings demonstrate that Brcal deficiency results in en-
hanced Chk2 phosphorylation and that Breal is not re-
quired for Chk2 activation. Although Chk2 has been
shown to interact with, phosphorylate, and colocalize
with BRCA1 (Lee et al. 2000), this kinase-substrate re-
lationship of Chk2 and Brcal in a DNA-damage signal-
ing pathway implies an upstream function of Chk2 with
respect to Brcal and cannot explain the cellular rescue of
Brcal deficiency. Our finding supports a model in which
inactivation of Chk2 and Brcal are cooperative and not
epistatic in breast tumorigenesis. This finding seemingly
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contradicts previous epidemiological studies in which
Chk2 and BRCA1 were ascribed to function in the same
pathway. A Chk2-truncating variant (Chk21100delC)
that has been found to be associated with low-pen-
etrance breast cancer susceptibility appears to be epi-
static with respect to BRCA1 mutations (Meijers-Heij-
boer et al. 2002; Vahteristo et al. 2002). However, sepa-
rate analysis of Chk2 mutations in human breast cancer
found an increased frequency of Chk2 mutations to-
gether with p53 mutations in BRCA1l-associated breast
cancers compared with sporadic breast cancers (Sullivan
et al. 2002). Furthermore, the associated loss of Chk2
expression in some breast tumors (Sullivan et al. 2002)
suggests a potential role for epigenetic changes that
could lead to the loss of Chk2 function and cooperation
with BRCA1 mutations in neoplastic transformation.



Materials and methods

Mice

Brcal’™¢ conditional mutant mice (Mak et al. 2000) were in-

tercrossed with LckCre transgenic mice (Jackson Laboratory) or
WapCre transgenic mice (Jackson Laboratory] to obtain
tBrcal™~ or mBrcal™~ mice, respectively. Subsequent crosses
were performed using Chk2~/~ mice (Hirao et al. 2002), Eu-bcl-
2-36 transgenic mice (Strasser et al. 1991), and p53~/~ mice
(Taconic). All mice studied were in a mixed 129/] x C57BL/6
genetic background and were genotyped by PCR (primer se-
quences and PCR conditions available upon request). Experi-
mental cohorts were derived from littermates obtained from
double-heterozygote breeders. Statistical significance of sur-
vival curves was assessed using the log-rank test. All experi-
ments were performed in compliance with the Ontario Cancer
Institute animal care committee guidelines.

Flow cytometry

Thymocytes, spleen, and lymph nodes were harvested from
mice 5-8 wk of age and stained with the following monoclonal
antibodies (Pharmingen): anti-CD4, anti-CD8, anti-Thy 1, anti-
TCRaB, and anti-B220. Fluorescence-activated cell sorting
(FACS) analyses were performed using a FACS Calibur and cells
were sorted using a FACSVantage flow cytometer (Becton Dick-
inson).

Apoptosis and activation assays

Thymocytes were either untreated or y-irradiated and cultured
for 8 h or 24 h prior to harvesting. Apoptosis was monitored by
FACS analysis using Annexin V-FITC and propidium iodide
(R&D systems). Purified T cells obtained by cell sorting were
activated with anti-CD3e (10 pg/mL immobilized) plus anti-
CD28 (1 pg/mL), or anti-CD3e (10 pg/mL immobilized) plus
murine IL-2 (100 units/mL, Biosource International) and prolif-
eration assessed as described (Mak et al. 2000). Cell-cycle analy-
sis was performed on anti-CD3e + IL2 activated Thy 1* spleno-
cytes using a BrdU flow kit (Pharmingen).

Western analysis

Western analysis was performed on thymocyte protein lysates
using antibodies reactive to murine p53 (CM5, Novocastra), p21
(C-19, Santa Cruz), bax (N-20, Santa Cruz), actin (Sigma), and an
affinity-purified rabbit polyclonal antibody raised against amino
acids 81-95 of murine Chk2.

Cytogenetic analysis

Peripheral T cells were grown on plate-bound anti-CD3e for 24
h, followed by a 2-d culture in the presence of murine IL-2 (50
units/mL, Biosource International). The activated cells were
treated with colcemid (Sigma) for 2 h and prepared for karyo-
typing (Dracopoli 1999).

Histology

Tumors and major organs were fixed in formalin and paraffin
sections were stained with haematoxylin and eosin (H&E) ac-
cording to standard procedures. Tumor sections were stained
with anti-Keratin (Chemicon).
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